Monitoring and diagnosis of energy consumption in wastewater treatment plants. A state of the art and proposals for improvement by Longo, Stefano et al.
Copyright © 2016. Published by Elsevier Ltd.  This manuscript version is made available under the 1 
CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ 2 
Monitoring and diagnosis of energy consumption in wastewater 3 
treatment plants. A state of the art and proposals for improvement  4 
Stefano Longo
1





















Department of Chemical Engineering, Institute of Technology, Universidade de Santiago de Compostela, 15782 8 
Santiago de Compostela, Spain  9 
2
Department of Biotechnology, University of Verona, Strada Le Grazie 15, 37134 Verona, Italy  10 
3
Cologne University of Applied Sciences, Research group GECO-C, Steinmüllerallee 1, 51643 Gummersbach, 11 
Germany 12 
4
Wellness Smart Cities, Calle Charles Darwin, 41092 Sevilla, Spain 13 
5















In response to strong growth in energy intensive wastewater treatment, public agencies and industry began to 28 
explore and implement measures to ensure achievement of the targets indicated in the 2020 Climate and 29 
Energy Package. However, in the absence of fundamental and globally recognized approach evaluating 30 
wastewater treatment plant (WWTP) energy performance, these policies could be economically wasteful. 31 
This paper gives an overview of the literature of WWTP energy-use performance and of the state of the art 32 
methods for energy benchmarking. The literature review revealed three main benchmarking approaches: 33 
normalization, statistical techniques and programming techniques, and advantages and disadvantages were 34 
identified for each one. While these methods can be used for comparison, the diagnosis of the energy 35 
performance remains an unsolved issue. Besides, a large dataset of WWTP energy consumption data, 36 
together with the methods for synthesizing the information, are presented and discussed. It was found that no 37 
single key performance indicators (KPIs) used to characterize the energy performance could be used 38 
universally. The assessment of a large data sample provided some evidence about the effect of the plant size, 39 
dilution factor and flowrate. The technology choice, plant layout and country of location were seen as 40 
important elements that contributed to the large variability observed.   41 
Keywords: 42 
Wastewater treatment; energy efficiency; benchmarking; KPI; OLS; DEA 43 
Highlights  44 
- A review of WWTP energy-use and benchmarking systems is performed 45 
- Energy data from more than 600 WWTPs were inventoried 46 
- Energy KPIs found are often not representative of the overall energy consumption 47 
- Benchmarking method selection is linked to data availability and purpose of study 48 
 3 
- Further research is required on the field of energy efficiency at WWTPs 49 
 50 
1. Introduction 51 
The proper treatment and sanitation of wastewater is crucial for protecting public health and environment. To 52 
achieve these important goals, water and wastewater systems are relevant energy consumers, demanding not 53 
only a large amount of energy onsite, such as electricity used for pumping and aeration, but also offsite for 54 
producing and transporting building materials and chemicals for treatment. Data from Germany [1] as well 55 
from Italy [2] show that electricity demand for wastewater treatment accounts for about 1% of total 56 
consumption of the country, which may be a good estimation for other European countries. In Spain, some 57 
studies suggest that domestic and industrial water cycles account for 2-3% of total electric energy 58 
consumption and considering water management and agricultural demand, could reach 4-5% [3]. In the 59 
United States, it has been estimated that roughly 4% of the electricity demand is employed for potabilization 60 
and distribution of water as well as collection and treatment of wastewater, by public and private 61 
stakeholders [4]. 62 
As the number of WWTPs increases worldwide and the effluent quality requirements become more 63 
demanding, the issue of energy efficiency has been attracting increasing attention from an environmental and 64 
economic point of view [5]. Water agencies and wastewater treatment plant operators show a growing 65 
interest in the use of tools and methodologies to save energy, such as benchmarking and energy audit 66 
procedures [2,6,7]. Energy audit is the general term used for a systematic procedure to obtain adequate 67 
knowledge of the energy consumption profile of an industrial plant. One of the aims of an energy audit is the 68 
determination of energy baseline regarding the reference consumption of individual devices and installation. 69 
By a careful analysis of energy data it is possible to identify the best opportunities for improvement. From a 70 
regulatory perspective, companies with more than 250 employees and with annual trading volume greater 71 
than € 50 million or whose annual balance sheet exceeds € 43 million are obliged to perform energy audit 72 
every four years from December 2015, as established by EU Directive 2012/27/EU [8]. Water utilities often 73 
fulfil these criteria. 74 
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Several reviews have been published on energy benchmarking methodologies in various fields, most of them 75 
dealing with energy efficiency of building. Chan [9] analysed the mathematical methods employed for 76 
benchmarking the use of energy in buildings, comprehensively discussing the advantage of each method. Li 77 
et al. [10] focused on the revision of tool for benchmarking building energy consumption, including black 78 
box methods, grey box methods and white box methods. Zhao and Magoulès [11] reviewed work related to 79 
the modelling and prediction of building energy consumption, including engineering, statistical and artificial 80 
intelligence methods. Pérez-Lombard et al. [12] examined concepts such as benchmarking tool, energy 81 
ratings and energy labelling within the framework of building energy certification schemes. Some general 82 
findings made in previous works in the building sector can also be useful to the wastewater industry. 83 
However, due to the complexity of WWTPs, additional case-specific considerations have to be done.  84 
To the best of our knowledge, there currently exists no standard approach to evaluate a WWTP energy 85 
performance. Moreover, no document is available providing a complete and comprehensive review of 86 
benchmarking methodologies applied in the field of wastewater treatment. In this paper, we describe the 87 
challenges inherent to energy benchmarking in WWTP. The goal of this study is to perform a critical review 88 
of relevant papers published on the topic that can help practitioners, plant managers and operators or 89 
researchers select the most appropriate methods for each case. By assessing the literature of WWTPs energy-90 
use performance and the benchmarking systems, this paper represents a first step in the development of a 91 
systematic methodology for evaluation and improvement of energy performance in WWTPs operation. Such 92 
a methodology is the main objective of the ENERWATER coordinated support action, a three-year activity 93 
within the Horizon 2020 programme with 9 partners from 4 European countries (the reader is referred to 94 
www.enerwater.eu for further information).  95 
The present contribution intends to address the following specific questions related to monitoring and 96 
diagnosis of energy consumption in WWTPs: i) which are the sources of information, ii) what kind of energy 97 
data are reported in the literature, iii) how are energy data reported in the literature and, iv) what type of 98 
methodologies are used for the assessment of energy efficiency in WWTPs. An energy audit requires a 99 
clearly stated and accepted methodology beyond common knowledge. Therefore, one of the goals of this 100 
manuscript is establish generally accepted principles and good practices that must be included in a standard 101 
energy performance auditing. 102 
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This paper is structured as follows. First, section 2 presents major features of research available in the 103 
literature. The methodology applied for the literature review carried out is explained and how data were 104 
collected, treated and classified is also discussed. Then in section 3.1, energy key performance indicators 105 
(KPIs) reported in the literature are presented and critically assessed, pointing out the limits to their validity. 106 
A comparison of various benchmarking methodologies employed for energy efficiency assessment in 107 
WWTPs is presented in section 3.2. Section 3.3 looks at energy datasets, together with the methods for 108 
synthesizing the information; energy data are there discussed, describing the availability of data in open 109 
literature and allowing to draw conclusions on the main factors affecting the energy consumption in 110 
WWTPs. Differences in scale, treatment technology, and operating conditions were evaluated by 111 
benchmarking the electric power consumption. Section 3.4 reports some technology-based examples for 112 
improving energy efficiency in WWTPs. Finally, an overlook of energy management tools is presented and a 113 
hint for the future developments is discussed in section 3.5. Section 4 offers concluding observations. 114 
2.  Methods 115 
2.1. Literature review 116 
A thorough review of the literature on WWTP energy-use performance and related benchmarking methods 117 
was carried out using different combinations of the following keywords: ‘wastewater’, ‘WWTP’, ‘energy’, 118 
‘energy consumption’, ‘energy performance’, ‘energy efficiency assessment’, ‘energy benchmarking’, ‘life 119 
cycle assessment’, and ‘LCA’, in web search engines. Peer-reviewed journal articles were the primary source 120 
in relation to the methods used for benchmarking. Information on WWTPs energy consumption published in 121 
peer-reviewed journals is limited while a considerable number of references have been found in other non-122 
peer-reviewed publications, such as research books, on-line publications/articles, and technical reports. 123 
Furthermore, energy data from regional water agencies (in particular from Germany and Spain) collected by 124 
private communications were also included in the analysis.  125 
2.2. Data collection and sample 126 
A thorough search was carried out to identify available sources and databases offering energy data of 127 
WWTPs.  Energy consumption was gathered together with data related to the operation, influent and effluent 128 
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characteristics, namely: population equivalent (PE) load basis, both the designed value and the actually 129 
served value; flow rate (design and average); influent and effluent wastewater characteristics, i.e. chemical 130 
oxygen demand (COD), biochemical oxygen demand (BOD), total suspended solids (TSS), total nitrogen 131 
(TN) and total phosphorus (TP). The energy consumption of major pieces of equipment, such as blowers, 132 
mixers, pumps, aeration systems and filters was found in a number of cases. Additionally, more general data 133 
on energy consumed by the buildings for lighting and heating were also reported. 134 
A total of 601 WWTPs were inventoried for the evaluation of the energy consumption. However, some 135 
plants were omitted from the analysis due to important data gaps (i.e. whenever influent and effluent 136 
wastewater characteristics or plant treatment technology were unavailable). Additionally, most of the 137 
Canadian plants were not included in the analysis due to extremely diluted influent wastewater (COD < 50 138 
mg/L) in order to avoid misleading conclusions. The final sample consisted of 388 WWTPs, which 139 
represents the treatment of about 15.7 million PE corresponding a total electric energy consumption of 1.72 140 
GWh/day and distributed as follow: 2.62 million PE (16.6%) in North America, 3.22 million PE (20%) in 141 
Asia and the remaining 9.86 million PE (62.8%) in Europe (see section 2 of supplementary material for the 142 
dataset used for the analysis). 143 
2.3. Data treatment 144 
According to the literature review and the level of detail of the data collected, three energy key performance 145 
indices (KPI) were defined, referred to volume of treated wastewater, PE and kg of COD removed: 146 
KPI 1 = 
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
  [𝑘𝑊ℎ/𝑚3]                                                          (Eq. 1) 147 
KPI 2 = 
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑠𝑒𝑟𝑣𝑒𝑑 𝑃𝐸
  [𝑘𝑊ℎ/𝑃𝐸 𝑦𝑒𝑎𝑟]                                                     (Eq. 2)  148 
KPI 3 = 
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
 𝐶𝑂𝐷 𝑙𝑜𝑎𝑑 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
     [𝑘𝑊ℎ/𝑘𝑔 𝐶𝑂𝐷𝑟𝑒𝑚𝑜𝑣𝑒𝑑]                                      (Eq. 3)  149 
It should be noted that the definitions and equivalences of PE can differ between countries. In this study 12 150 
gN/PE·d was taken as an equivalence (following Directive 91/271/EEC [13]). When N values were not 151 
available, PE calculation was done on BOD or COD basis, considering 60 gBOD/PE·d or 120 gCOD/PE·d. 152 
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In the case of North American plants, the conversion was done considering 80 gBOD/PE·d or 160 153 
gCOD/PE·d for load-based PE or 400 L/PE·d for wastewater volume-based PE [14]. 154 
From the analysis of the collected data presented in section 3.3 two WWTP operational indices were defined: 155 








 100   [%]                                                                                             (Eq. 5) 158 
DF is mainly function of the sewer network design, age and materials; parasite water negatively affects 159 
treatment performance by dilution and hydraulic overloading. LF represents the capacity utilization of the 160 
plant compared to the design capacity, showing then if a plant is under or over-designed.  161 
Given the high variability of the sampled values, the mean was found as an unsuitable indicator as it is 162 
particularly influenced by extreme values. It was therefore considered more useful to take as reference a 163 
more robust indicator such as the median. To represent graphically the data variability, collected energy data 164 
are presented by the use of box plots. There, a box is used to indicate the positions of the upper and lower 165 
quartiles; the interior of this box indicates the interquartile range, which is the area between the upper and 166 
lower quartiles and consists of 50% of the distribution. Finally, the crossbar intersecting the box represents 167 
the median of the dataset. 168 
2.4. Data classification 169 
Dataset was classified according to five different WWTP class sizes as defined in [15]: PE < 2 k; 2 k < PE < 170 
10 k; 10 k < PE < 50 k; 50 k < PE < 100 k; PE > 100 k, where k stands for 1000. In addition, datasets were 171 
further classified based on a country scale and secondary treatment technology. As a large number of 172 
configurations are described, different types of secondary treatment (i.e. Ludzack-Ettinger, modified 173 
Ludzack-Ettinger (MLE), Bardenpho, anaerobic-oxic (A/O) or anaerobic-anoxic-oxic (A2/O)) have been 174 
grouped under the general treatment technology category biological nutrient removal (BNR). Likewise, all 175 
the combinations of membrane filtration process with a suspended activated sludge bioreactor have been 176 
clustered under the category membrane bioreactor (MBR). Other treatment technologies under study are 177 
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aerated ponds (AP), biodiscs (BD), conventional activated sludge (CAS), extended aeration (EA), oxidation 178 
ditch (OD), sequential batch reactor (SBR), and trickling filter (TF). Finally, unspecified secondary 179 
treatment (UST) category was assigned when no detailed information about the secondary treatment 180 
technology, although present, was reported. 181 
3.  Results and discussion 182 
3.1. Description of key performance indicators found and critical discussion 183 
about their validity  184 
Common definition and measure of energy efficiency is the ratio of energy use input (e.g. electricity 185 
consumption) to energy service output (a certain service that a WWTP provides, e.g. the amount of 186 
wastewater treated or pollutions removed). Traditionally, energy consumption in WWTPs has been reported 187 
as referred to the volume of treated wastewater (kWh/m
3
) [16,17] or unit of population equivalent (kWh/PE) 188 
on annual basis [18,19]. As a result, the energy consumed (due to aeration, mixing, pumping, sludge 189 
treatment, etc.) was considered to be proportional to the flow of wastewater treated or the pollution load 190 
coming into the WWTP. Although these approaches are very simple and can easily provide calculated 191 
energy consumption indicators, they have significant limitations when it comes to energy benchmark 192 
exercises and standardisation methodologies. By comparing the energy consumption in kWh/m
3
 or kWh/PE 193 
it is assumed that pollutant concentrations in the influent (solids, organic matter, nitrogen and phosphorus) 194 
do not vary significantly between WWTPs or that effluent qualities are also similar, hence restricting the 195 
application of these approaches. Studies reporting the WWTP energy consumption in kWh/m
3
 often result in 196 
values that are influenced by the degree of dilution of the wastewater. For example, plants treating 197 
wastewater from combined sewer overflows often show higher energy efficiency, which is caused by the 198 
higher dilution of the pollutants in the influent [20,21]. Calculation of energy efficiency based on the 199 
pollutant load entering WWTPs (i.e. kWh/PE) provides a greater accuracy, but in this case N should be 200 
favoured as a basis to calculate PE load instead of BOD and COD [22]. In the case of combined sewer 201 
systems, inert COD can be carried to the WWTP by rainwater showing a higher load than the real one. 202 
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Moreover, as most nitrogen is present in wastewater as soluble ammonium, it is less prone to sedimentation 203 
in the sewer system than organic matter.  204 
A sensible approach is to report the energy consumption in WWTPs per unit of pollutant removed, i.e. TSS, 205 
BOD, COD, N and/or P removed, depending on the object of the study and plant treatment scheme. Several 206 
authors have used kWh/kg TSSremoved, kWh/kg BODremoved  and kWh/kg CODremoved [20,21,23], kWh/kg 207 
Nremoved in the case of nitrogen removal processes on annual basis [24] or a combination of these indicators 208 
where both organic matter and nutrients (N, P) are merged and converted in terms of a reference unit such as 209 
PO4
3-
 equivalent [25]. The advantage of reporting the energy consumption per unit of pollutant removed 210 
relies in the fact that the removal of organic matter and nutrients are major contributors of energy 211 
consumption in WWTPs. In this case, a KPI that may include all the main pollutants (i.e. TSS, COD, N and 212 
P) in a single variable should be preferred. This concept was first proposed in 1996 by Vanrolleghem [26] 213 
and then refined by others authors (see [27] and [18] as examples) for the evaluation of general cost 214 
performance of WWTPs. In this method, the overall pollution removal of a WWTP (in kg pollution units) is 215 
calculated by a weighted sum of the compounds that have a major influence on the quality of the receiving 216 
water body. A list of possible weights  for the calculation of the overall pollution removed by the plant is 217 
reported in Table S.1 of the supplementary material.  218 
It should be noted that WWTPs perform different functions, i.e. removing of COD, removing of N and/or P, 219 
energy and material recovery, producing an effluent free of pathogens. Although current legislation in 220 
Europe only requires the reduction of N and P for the treated effluents returned to sensitive areas [25], the 221 
objectives of a WWTP are expected to become broader in the future and include, e.g. the removal of micro- 222 
and nanopollutants [28] or the production of reusable water [29]. Even more, it becomes obvious that general 223 
energy consumption KPI (i.e. kWh/m
3
or kWh/kg CODremoved) has little value, as it does not provide a 224 
suitable overview of the different WWTPs currently in operation. There is a clear need to establish suitable 225 
KPIs within the WWTP that allow a comparable, realistic and universal form of reporting the energy data. 226 
The choice of the proper KPI should be related to the function of the WWTP. A list of most common KPI 227 
and recommendations for their use is reported in table 1. 228 
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Table 1. Comparison of most used KPIs. Legend: ✓✓ = universally suitable, ✓= not universally 
suitable, ✗ = not suitable. 











kWh/m3  ✗ ✓✓ ✗ ✗ ✓ ✗ Does not take into 
account influent 
dilution; Does not 
represent the removal 
of pollutants 
kWh/PE year ✗ ✗ ✗ ✗ ✗ ✗ Does not represent the 
removal of pollutants 
kWh/kg CODremoved ✓ ✗ ✓ ✓ ✗ ✗ Limited to plants with 
same function 
kWh/kg TSSremoved ✗ ✗ ✓✓ ✗ ✗ ✓✓ Limited to primary 
and/or sludge treatment 
kWh/kg Nremoved ✓ ✗ ✗ ✓ ✗ ✗ Limited to WWTPs 
where N removal is 
implemented 
kWh/kg TPUsremoved ✓✓ ✗ ✗ ✓✓ ✓✓ ✗ Allow the comparison 
of WWTPs regardless 
of treatment intensity 
 229 
3.2. Energy benchmark approaches 230 
Energy efficiency has been summarised with the idea of “doing more using less” [30]. A widely favoured 231 
approach in assessing potentials for efficiency improvement is to establish benchmarks for efficient 232 
operation. Energy benchmarking is defined as the continuous and systematic process of comparison of the 233 
energy efficiency against a reference performance, thereby identifying the most efficient units and best 234 
practise.  A comparison can then be carried out between the less efficient units against both the reference and 235 
the best practice for any given indicator [31]. The benchmarking results can help wastewater utilities and 236 
operators determine how well each plant in the benchmarking study is performing. It also highlights the 237 
worst and the best energy users, revealing which WWTPs would achieve the greatest energy savings from 238 
implementing energy conservation measures. 239 
There exists wide range of methods to measure the relative efficiency of plant in relation to a sample (Fig. 240 
1). The simplest methods consist on pairwise comparisons by selecting a KPI (hence index methods) and 241 
normalizing the performance with respect to the reference or best available one [16-19,21,32]. They provide 242 
easily understandable results but they rely on having a large sample of plants to provide a sound benchmark. 243 
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Several partial indicators may be needed to compare plants with different layouts. Frontier analysis relies on 244 
the definition of a contour (a frontier) that describes an average or a best performance for a given set of 245 
inputs (i.e. operational and design data). Within frontier analysis, statistical techniques can be used to 246 
describe and infer the performance of a population by analysing a subset (a sample) [33,34]. Programming 247 
methods will use an optimisation based on the gathered data to define an optimal contour, which can be 248 
subsequently used for comparison [35-39]. The choice of the benchmarking techniques used by individual 249 
utilities depends partly on the data available and purpose of the benchmarking exercises and can have impact 250 
on the determination of efficiency score. An illustration of the variety of techniques used for this purpose is 251 
given in Table 2. 252 
 253 
Figure 1. Benchmarking approaches. (Arrow direction means increasing level of complexity). [We 254 
suggest 1.5 column width] 255 
Table 2. Summary of WWTP energy benchmark studies. Note: OLS = ordinary least squares; DEA = 
Data Envelopment Analysis; LCA = Life Cycle Assessment. 
Reference Method  Year Sample and 
location 
Inputs Outputs Main Conclusions 
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Energy costs account for 
about 25% of total net 
costs. Ranking highly 
dependent on the criteria 
used 










Energy consumption in 
WWTPs decreased with 
the increase of scale and 
operation load rate. 







Energy intensity is 
assumed to be more 
related to scale of plants 
than wastewater treatment 
process.  














sludge treated.  
Energy benchmark is 
applicable and helpful for 
plants to recognize energy 
saving potential. All plants 
have a potential of energy 
saving, especially in 
aeration. 






Main reason for higher 
specific energy 
consumption of plants in 
Australia is reuse 
infrastructure (reuse pump 
stations, ultraviolet (UV) 
disinfection, etc.) 












flowrate; kg of 
BOD removed 
Energy benchmarks are 
reported for plant class 
sizes. 










Plant size and type of 
sewer system impact on 
energy efficiency. 







was useful to identify the 
most energy-consuming 
assets and their respective 
limitations. 






















The regression model 
predicts the average 
energy use for a specific 
set of characteristics. Only 
25% of the plants use less 
energy of the predicted 
energy consumption.  
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Energy Star method is a 
valid tool for benchmark 
energy efficiency even if 
is not a diagnostic tool. 
[38]  DEA  2011 99 WWTPs 
in Spain 
Total cost COD, N and P 
in the effluent; 
The results indicate that 
mean efficiencies are 
relatively high and 
uniform across the 
different technologies. 
Techno-economic 
efficiency is optimal for 
WWTPs operating with 
activated sludge in 
comparison with other 
technologies.  













Plant size, quantity of 
eliminated organic matter, 
and bioreactor aeration 
type are significant 
variables affecting energy 
efficiency of WWTPs. 
[39]  DEA  2012 45 WWTPs 
in Spain 
Total cost COD, N and P 
in the effluent; 
The most efficient and 
innovative facilities are 
identified as references. 














The flexibility of DEA 
adds a sort of competitive 
advantage over other tools 
and techniques. 
[36]  DEA + LCA  2014 60 WWTPs 
in Spain 
Total cost SS, COD, N 
and P in the 
effluent; GHG 
The best functioning 
WWTPs to be used as 
references were identified, 
and the potential for GHG 
reductions were 
quantified. 












Smaller WWTPs, which 
unlike large WWTPs, lack 
continuous monitoring, 
have a relevant potential 
for improving their 
environmental profile if 
they were to benefit from 
stricter supervision. 
3.2.1. Normalization approach 256 
The normalization approach consists in the evaluation of WWTPs energy efficiency based on normalized 257 
energy performance indicators and ratios. This approach is the most widely used by plant operators, water 258 
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companies and agencies and all the other stakeholders, due to its simplicity in the implementation and 259 
interpretation. Energy-efficiency indicators are usually employed and obtained by simply normalizing the 260 
energy use based on a given level of output or activity (section 3.1). In order to perform a benchmark study 261 
between different WWTPs, the energy consumption has to be expressed based on certain guidelines and 262 
equal dimensions, i.e. the volume of wastewater treated, the unit per capita loading as PE or unit of pollutant 263 
removed. These partial measures are generally available, and provide the simplest way to perform a 264 
comparison. Researchers and practitioners often combine Partial KPIs to create an Overall KPI, generally 265 
using a weighted average of Partial KPIs. As a drawback, benchmark methods based on single KPI 266 
representing the whole energy consumption of a plant are too simplistic because they assume that the entire 267 
population of plants (e.g. with their different type, size, and location) is comparable with only one metric. 268 
Indeed, WWTPs feature complex processes composed by several subsystems (stages), i.e. preliminary, 269 
primary, secondary, tertiary and sludge treatment, each one with different function and as a result specific 270 
partial KPIs seem to be more appropriate to be used for treatment stage(s) with different function. As for 271 
instance, kWh/m
3 
does not represent necessarily the overall plant performance since, i.e., in the case of 272 
mixed sewer system this KPI is affected by dilution of the wastewater. However, it could be suitable, as KPI 273 
for hydraulic-based stages (e.g. preliminary treatment), which are designed using hydraulic loads and 274 
typically equipped with pumps, screens, sieving, scrappers, and filters, in which energy depends on the 275 
volume of the influent wastewater processed. 276 
The commonly used normalization approach based on one or more KPIs presents important drawbacks due 277 
to some implicit assumptions. First, when we compare a small plant with a large plant, we implicitly assume 278 
that we can scale linearly input and output, i.e. we assume constant returns to scale (CRS). A second 279 
limitation is that it typically involves only partial evaluations. One KPI may not fully reflect the purpose of 280 
the plant. We could have multiple inputs (i.e. electricity and chemicals consumption) and several outputs (i.e. 281 
volume of treated wastewater, amount of organic carbon removed and/or amount of pollutants removed 282 
based on the treatment intensity). To overcome these two limitations, practitioners usually restrict 283 
normalization approaches for the performance evaluation of WWTPs within similar size and/or 284 
characteristics. 285 
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3.2.2. Statistical approach 286 
The concept of statistical frontier analysis can be easily explained in terms of standard linear regression 287 
model, such as ordinary least squares (OLS). Given data on energy use (or any equivalent KPI) and using 288 
operational or design data as inputs (Y), the parameters 𝛼 and 𝛽 can be fit via a simple linear regression 289 
model.  290 
𝐸 = 𝛼 + 𝑌𝛽 + 𝜀𝑖                                                                                                              (Eq. 6) 291 
where E (N x 1) is the energy use of N plants, Y (N x m) represents the operational or design data and  (m x 292 
1) are slope coefficients for m different inputs and data on N plants, and 𝜀𝑖 is the error term that defines the 293 
relative inefficiency. OLS allows estimating the functional form (regression line), which represents the 294 
average efficiency level. Interpretation of results from an OLS can shows that all plants with ratings above 295 
the average can be considered inefficient while those with ratings below are efficient [9].  296 
An example of regression-based benchmarking tool is Energy Star method [33], which used the measured 297 
plant data of 257 facilities from throughout the USA to develop a regression model that can then be used to 298 
predict the annual energy consumption given plant characteristics. Benchmarking scores are calculated by 299 
comparing the utility’s actual energy use with the energy use predicted by OLS model. In order to develop 300 
the regression model in Energy Star method stepwise regression approach was employed to find the 301 
significant input variables. The parameters included in model are: (1) average influent flow rate; (2) influent 302 
BOD; (3) effluent BOD; (4) plant load factor; (5) whether the plant presents filtration; and/or (6) nutrient 303 
removal. A benchmark system is developed based on the distribution of residuals of the regression model. 304 
The residual is the difference between the actual and the predicted energy consumption. Thus, the residuals 305 
are treated as measures of inefficiency. Negative residual means that the plant uses less energy than similar 306 
plant with same characteristics. Moreover, the distribution of sample residuals from the regression model can 307 
be used to construct the corresponding benchmark table. 308 
By comparing this predicted energy usage with the actual energy use, the utility obtains a score. The 309 
benchmarking score represents a percentile: e.g. a 55 score means the utility is more efficient that 55% of the 310 
utilities with similar characteristics. The major criticisms of this approach are: i) a large dataset is necessary 311 
in order to obtain reliable results; ii) regression results are sensitive to the functional form, iii) that as all the 312 
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indicators are merged into a single one, it is possible to offset the inefficiency in one variable by another, e.g. 313 
high BOD removal can compensate not removing nutrients.  314 
Stochastic frontier analysis (SFA) is another statistic approach that estimates the efficient frontier and 315 
efficiency score of the firms but, unlike OLS, SFA considers deviation from the efficiency frontier as two 316 
distinct terms, since it separates error components from inefficiency components. SFA particularly requires 317 
separate assumptions on the distributions of the inefficiency and error components, potentially leading to 318 
more accurate measures of relative efficiency [9]. In SFA the error term 𝜀𝑖 is defined as follows: 319 
𝜀𝑖 =  𝑣𝑖 − 𝑢𝑖                                                                                                                      (Eq. 7) 320 
where the 𝑣𝑖represents the random errors, a priori assumed to be independent and identically distributed, and 321 
𝑢𝑖  represents the non-negative technical inefficiency components. The random error term allows to 322 
encompass random effect of measurement error in output, observation, statistical noise and effect of 323 
stochastic factors that are beyond the firm control, i.e. seasonality, weather, human factor. However, the 324 
estimation results are sensitive to distributional assumptions on the error terms, and the model requires large 325 
samples for robustness. 326 
3.2.3. Programming techniques 327 
The majority of the research conducted to date has analysed the efficiency of WWTPs using non-parametric 328 
models, such as data envelopment analysis (DEA) in one of its multiple variants. Basically, DEA is a 329 
mathematical programming technique that allows building an envelopment surface or efficient production 330 
frontier to assess the efficiency of a set of decision-making units (DMUs), i.e. WWTP in this case. Thus, 331 
those DMUs that establish the envelopment surface are considered efficient and those that do not rest on the 332 
surface are considered inefficient.  A unit is considered to be efficient if and only if i) it is not possible to 333 
improve its outputs while its inputs are fixed, and ii) it is not possible to do change its inputs without altering 334 
the resulting outputs.  335 
DEA can involve the imposition of differing scale assumptions. The return to scale concept (RTS) [41] refers 336 
to the rate by which output changes if all inputs are changed by the same factor. Let 𝛼  represent the 337 
proportional input increase and 𝛽 represent the resulting proportional increase of the single output. Constant 338 
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returns to scale (CRS) prevail if 𝛽 = 𝛼, increasing returns to scale (IRS) prevail if 𝛽 > 𝛼, and decreasing 339 
returns to scale (DRS) prevail if 𝛽 < 𝛼. Due to the fact that energy consumption of WWTPs is affected by 340 
economies of scale, in particular energy efficiency increase with increasing plant size, IRS assumption need 341 
to be applied to DEA models [36,39] (see section 3.3.1 for further discussion on economy of scale in 342 
WWTPs). The DEA efficient frontier defines a convex space that requires a minimum number of data to be 343 
determined. For instance, Cooper’s rule [42], establishes that the number of DMUs analysed must be at least 344 
two times the product of the number of inputs and number of outputs defined. 345 
DEA offers major advantages over parametric models such as does not need to employ an assumption for the 346 
functional form of the frontier as the functional form may change when new DMUs are added to the sample 347 
set. Consequently, there is no danger of wrong model specification for the frontier. DEA allows the analysis 348 
of processes that involve various inputs generating multiple outputs at the same time, comparing each DMU 349 
with itself and the rest. In this context, DEA approach has recently attracted special interest for the task of 350 
assessing the technical and economic efficiency of WWTPs. For instance, Hernandez-Sancho and Sala-351 
Garrido [43] applied DEA for the assessment of the technical and economic efficiency of a group of 352 
WWTPs, considering five inputs (costs for energy, labour, waste management, chemicals and others) and 353 
three outputs (the amount of TSS, COD and BOD removed). In other cases, outputs related to the 354 
environmental impact, as estimated by LCA, were analysed together with the economic performance [36,40] 355 
proving that the combined use of LCA + DEA can be a valuable method for the performance evaluation of 356 
WWTP from a broader perspective. 357 
However, there are also a number of disadvantages that must be taken into consideration. Since the analysis 358 
relies heavily on the initial choice of inputs and outputs, the efficiency score tend to be sensitive to the 359 
choice of input and output variables. Misspecification of variables can lead to wrong results, as consequence 360 
of less efficient firms defining the frontier [42]. Thus care needs to be taken to the selection of input and 361 
output. As for example, some authors [35,40] selected kWh/m
3
 as input for electricity use in their DEA 362 
matrices. The variables should, as far as possible, reflect the main aspects of resource-use in the activity 363 
concerned. On the contrary, as seen previously (see section 3.1), the KPI kWh/m
3
 does not represent 364 
necessarily the plant performance.  365 
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DEA measures global efficiency for each DMU. That is, it measures the maximum radial (proportional) 366 
reduction in all inputs that would raise the DMU efficiency to the level of the most efficient DMUs in the 367 
study set [44]. Hence, a shortcoming of this approach is that the DEA frontier does not necessarily coincide 368 
with Pareto optimal frontier [45]. However, taking into account that a WWTP is viewed as a multiple input 369 
and outputs unit, the shortcoming of DEA models is that they do not provide information on the efficiency of 370 
specific inputs, but rather only measures global efficiency. To solve this problem non-radial DEA have also 371 
been applied [35,46]. This approach puts aside the assumption of proportionate contraction in inputs or 372 
outputs and it allow the isolation of the specific inputs or outputs to act to increase the efficiency of the 373 
DMUs being studied [46]. Thus, this type of model provides an efficiency indicator for each of the variables 374 
in the process. 375 
Like the OLS, DEA relies on the assumption of deterministic energy efficiency scores, ignoring the fact that 376 
energy consumption has a significant stochastic component, affected by factors such as seasonality and 377 
weather. Because DEA is highly adaptive to data, efficiency estimates based on single measurements are 378 
very biased and unreliable if reported without estimating their error distributions. Literature shows that there 379 
are some stochastic extensions to DEA that can improve its robustness to data errors and outliers, i.e. 380 
stochastic DEA (SDEA) model [47]. This approach involves smart meter data set (repeated measurements, 381 
every 10 min in this case, of energy consumption). By using repeated measurements of energy consumption 382 
to estimate bias-corrected and confidence intervals for the efficient frontier the authors were able to estimate 383 
the uncertainties in the energy efficiency scores. 384 
3.2.4. Discussion and comparison of different approaches  385 
The above discussion on the different approaches has raised advantages and disadvantages to each, and a 386 
comparison of these is given in Table 3. 387 
Table 3. Comparison of various benchmarking approaches. Methods specifically applied for the 
evaluation of energy efficiency in the field of wastewater treatment are highlighted in blond. 
Benchmarking 
Approaches 
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Benchmarking approaches are fundamentally different from each other and therefore it is quite likely that 388 
they yield different results. Each approach can provide insights on aspects of WWTPs energy performance. 389 
The process of model specification and technique selection process depends on benchmarking objectives, 390 
data availability, and the user willingness to adopt specific assumptions for each type of model. Hence, the 391 
benchmarking user may need to draw upon professional consultants or specialists at research institutions 392 
before moving for more sophisticated models. 393 
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One of the main conclusions of this review is that each method is adapted to a particular goal, as all of them 394 
face their own drawbacks both on the theoretical and the practical side. This implies that the final efficiency 395 
estimates should not be interpreted as being definitive measures of inefficiency. By contrast, a range of 396 
efficiency scores may be developed and act as a signalling device rather than as a conclusive statement. 397 
One of the main problems for benchmarking techniques is that there are usually only a small number of 398 
observations available relative to the number of explanatory variables. Energy efficiency depend upon a 399 
large number of factors, including the geographical characteristics of its service territory, weather condition, 400 
the influent load characteristics, electricity price or others factors, such as the human factor. None of these 401 
factors could be fully described without using a multitude of variables. 402 
Normalization approach combines partial metrics and provides information time trends and patterns across 403 
WWTPs. Statistical techniques such as regression analysis results in an equation that is linear in explanatory 404 
variables which can be easily interpreted; each of the regression coefficients indicates the variation of the 405 
dependent variable (most often energy consumption) with respect to each explanatory variables, all other 406 
variables remaining constant. Furthermore, regression analysis is relatively simple to carry out and its 407 
conclusions are rather robust to experimental noise and outliers. DEA is very well adapted to determining the 408 
efficiency of a plant with respect to different inputs and outputs, as it is the case of WWTPs. It must be noted 409 
though that DEA efficiency scores are dependent on the input variables selected, potentially leading to 410 
different conclusions if the inputs are chosen on a different basis. As a consequence, the selection of input 411 
variables needs to be checked by other techniques, including linear regression. Finally, SDEA combines the 412 
flexible structure of non-parametric model but it is extended to account for the influence of statistical noise. 413 
The problem however is that the estimation task become bigger, the data need larger (repeated energy 414 
consumption measurement are necessary) and still cannot be avoided a series of strong assumptions about 415 
the distributions of the noise terms [48]. 416 
Regarding the end-user of the benchmarking system, methods can be well suited to common public (‘user 417 
friendly methods’) or rather aimed at internal benchmarking. For DEA, testing a new item requires solving 418 
the model again for the whole set of observations, with potential changes in the established ranking. 419 
Therefore, DEA based tools are aimed at internal benchmarking for companies, regulatory agencies, etc. On 420 
the other hand, new observations can be benchmarked directly with the benchmarking table generated by 421 
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OLS and normalization approaches. In effect, it is not necessary to solve the model to obtain the 422 
benchmarking score. These methods then become suitable for public users. 423 
3.3. Analysis of collected energy data  424 
Table 4 shows an overview of the consulted studies used in this article for collection of WWTPs energy data. 425 
The sources provide very heterogeneous data: from highly detailed to a generic overview of the energy 426 
consumption. As shown in Fig. 2, in most of the studies analysed (about 90%), WWTP energy consumption 427 
is reported as the average overall consumption (aggregated data), and stated as total electricity consumption 428 
(in kWh) or referred to the volume of treated wastewater (kWh/m
3
); less frequently aggregated energy data 429 
are reported referred to the amount of COD and BOD eliminated or to plant load entering the plant (PE). 430 
Those data are usually collected from the energy bills and based on annual or daily average. Less frequently 431 
they are results of actual electric energy metering [6,49]. Disaggregated published data (i.e. energy 432 
consumption of each of the process and sections of a WWTP) are considerably scarcer in the literature. 433 
Those data are always reported as kWh or kWh/m
3
, and will be reported and discussed separately bellow 434 
(section 3.3.2). 435 
Table 4. Overview of the reviewed studies (see section 2 of the supplementary material for the dataset 436 
used for the analysis). 437 
Reference Type of energy 
data 
 Year Country N. of case 
studies 
Type of technologya Type of study Source 
















[25]  Aggregated  2011 Spain 24 BNR; CAS; OD; 
UST 
LCA study Research 
article 




[52]  Aggregated  2013 Spain 1 BNR LCA study Research 
article 
[53]  Aggregated  2013 Spain 7 BNR; MBR LCA study Book 
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[55] Aggregated  2015 Spain 79 AP; BD; BNR; CAS; 






[56]  Aggregated/ 
Disaggregated 
 1998 USA 6 UST Energy audit Technical 
report 
[57]  Aggregated/ 
Disaggregated 
 2004 Spain 1 BNR LCA study Research 
article 
[58]  Aggregated/ 
Disaggregated 
 2007 Italy 1 MBR Energy audit Research 
article 
[59]  Aggregated/ 
Disaggregated 
 2008 Spain 13 EA; BNR LCA study Research 
article 
[20]  Aggregated/ 
Disaggregated 
 2013 Italy 5 CAS Energy audit Book 
[6]  Aggregated/ 
Disaggregated 




[60]  Disaggregated  1973 USA 9 CAS; TF Energy audit Technical 
report 




[61]  Disaggregated  2008 USA 7 BNR; CAS Energy audit Technical 
report 
[49]  Disaggregated  2009 USA 1 CAS Energy audit Technical 
report 
[62]  Disaggregated  2013 USA 7 CAS; MBR; SBR; 
TF 
Energy audit Book 
a AP – Aerated pond; BD – Biodiscs; BNR – Biological nutrient removal; CAS – Conventional activated sludge; EA – Extended 438 
aeration; MBR – Membrane bioreactor; OD – Oxidation ditch; SBR – Sequencing batch reactor; UST - unspecified secondary 439 
treatment; TF – Trickling filter. 440 
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 441 
Figure 2. Statistics frequencies of how energy data are reported in the literature. [We suggest 1 442 
column width] 443 
Energy data are reported in literature for two main reasons. On the one hand, energy data are usually 444 
reported as part of energy benchmarking exercises and, although more rarely, in detailed energy analysis 445 
such as energy audits [56,60]. On the other hand, it is not uncommon to find energy data reported as part of 446 
broader analysis such as LCA studies of WWTP, where energy consumption is normally provided as part of 447 
the inventory and then transformed and discussed in terms of potential impacts [25,63]. 448 
Regarding the sources where energy data are available, the majority of case studies were found on technical 449 
reports and book as part of benchmark study or energy audit. Research articles were found to be a primary 450 
source in the case of LCA studies. Furthermore, energy data from regional water agencies (in particular from 451 
Germany and Spain) collected by private communications were also included in the analysis.  452 
3.3.1. Energy consumption respect to scale, type of treatment and country 453 
In this section the collected and processed data on overall (aggregated) WWTP energy consumption is 454 
presented. As discussed previously, the analysis is carried out using energy per COD removed as KPI. In 455 
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order to elucidate the influence of individual variables on the energy performance, Fig. 3 reports the data 456 
variability as described in section 2.4 classified by class size (3.A), technology (3.B) and country (3.C).  457 
 458 
Figure 3. Total WWTPs energy consumption per: (A) class size, (B) type of treatment and (C) country. 459 
Note: numbers above the bars are sample size and average. Samples whose N < 5 are not shown, this is 460 
the reason why total sample sizes differ among Fig. 3.A, 3.B and 3.C. MBR = Membrane Bio-Reactor; 461 
EA = Extended Aeration; BNR = Biologic Nutrient Removal; UST = Unspecified Secondary 462 
Treatment; AP = Aerobic Pond; CAS = Conventional Activated Sludge. [We suggest 2 columns width] 463 
Energy consumption respect to scale. According to figure 3.A, it can be seen that the energy consumption 464 
decreases when increasing the population equivalent. Considering median values, specific energy 465 
consumptions of 3.01, 1.54, 1.02, 0.82 and 0.69 kWh/kg CODremoved were obtained moving up from the class 466 
size PE < 2 k to the class size PE > 100 k, respectively. According to the literature, large plants (more than 467 
100,000 PE) are normally more energy efficient [17,43,64]. This can be due to: i) exploiting economies of 468 
scale, by using large and generally more efficient equipment, in particular larger pumps and compressors; ii) 469 
ensuring that the process operates at more stable conditions, which is reflected on a more regular operation 470 
of electromechanical equipment and avoiding energy-intensive transitional periods; iii) providing the 471 
automation for the treatment process (for example, regulation of the oxygen levels by controlling the 472 
operation of the aeration pumps); iv) more and especially better trained staff operating large plants, which is 473 
seldom the case for small WWTPs. However, in contrast with these results, some authors reported that 474 
smaller plants can, in principle, operate as energy efficiently as larger plants [65], or with diverse energy 475 
efficiencies [59].  Thus, to provide more reliable statements on this subject, additional research is required. 476 
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Energy consumption respect to type of treatment. The type of treatment has impact on the energy 477 
consumption of WWTPs. In Fig. 3.B a general overview of the energy consumption is reported for the 478 
sample analysed and different technology. According to the box plot graph, plants that carry out CAS and 479 
AP process showed the slowest energy consumption, while as expected MBR system are characterized by 480 
the highest energy consumption, being 2.3 times that of BNR system. MBR systems, due to intensive 481 
membrane aeration rates required to manage the fouling and clogging, are well known higher energy 482 
consuming process, being its energy consumption up to three times higher when compared with CAS 483 
systems combined with advanced treatment techniques such as tertiary filtration [66,67]. However, reporting 484 
energy in term of kg of CODremoved does not take into account the additional complexity of BNR systems to 485 
remove N and/or P (i.e. higher volume of mixed liquor to be mixed and/or to be recirculated and higher air to 486 
be supplied), thus it is plausible expect higher energy consumption compared with AP and CAS system (that 487 
are characterized by a lower intensity of treatment.  488 
Fig. 4 combines scale effect and technology (in particular CAS, BNR and AP, due to a lack of data for the 489 
other treatment technologies). The same tendency reported for the whole sample, i.e. the bigger the plant 490 
capacity the lower the energy consumption is also visible for these individual treatments. It is possible to 491 
observe that AP system is in general the lowest energy consumption treatment option (being the most 492 
efficient one in 3 out of the 5 plant size class) and that CAS process appears to be the worst alternative in 493 
terms of energy use (being the less efficient one in 4 out of the 5 plant size class). On the contrary BNR 494 
systems shows alternating results among the different size class that could be due to the fact that BNR 495 
category includes different configuration such as LE, MLE, Bardenpho, A/O or A2/O, hence WWTPs with 496 
different functions. However, apparently the possibility of BNR system to implement more efficient 497 
equipment, better performing automation and regulation compared to CAS system it allows to perform better 498 
despite its higher treatment intensity.  499 
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 500 
Figure 4. Specific energy consumption per type of treatment and plant size class. Note: numbers above 501 
the bars are sample size and average. [We suggest 2 columns width] 502 
Energy consumption respect to country. As seen in the previous section the type of treatment used 503 
influences energy consumption. Therefore, it is reasonable to expect differences between different countries, 504 
where for economic and/or environmental reasons a particular type of treatment might prevail. With the 505 
exception of France and Canadian WWTPs, which turned out to have a particular high-energy consumption 506 
(3.33 and 1.65 kWh/kg CODremoved, respectively), similar values were found among countries (Fig. 3.C). 507 
Considering the median values, Spanish, German and Italian samples showed to be the most efficient 508 
countries of the sample analysed, with an energy consumption of 0.97, 0.95 and 0.85 kWh/kg CODremoved, 509 
respectively. USA sample, as opposite to the rest of the countries, showed a very low variability due to the 510 
smaller sample composed by medium-big size plants and reports a median value of 1.31 kWh/kg CODremoved. 511 
Aside form treatment technology and scale, other factors, such as electric energy price, are likely to 512 
influence WWTP energy consumption among the various countries. Higher prices could provide stronger 513 
incentives for energy efficiency measures. For example electricity in France is especially cheap for industry 514 
(0.079 €/kWh in France instead of 0.120 €/kWh in Spain, 0.130 €/kWh in Germany or 0.178 €/kWh in Italy 515 
[68]. A number of barriers can inhibit proactive energy management to address energy efficiency issues at 516 
WWTPs. Some of them are deeply rooted in the governance of the sector, referred to as institutional and 517 
regulatory issues: politicizing of water and wastewater tariffs, low electricity prices can influence energy 518 
efficiency at WWTPs. The reader is referred to [69] for a list of main barriers to improving energy efficiency 519 
in water and wastewater utilities and commonly observed barrier removal actions. In addition to this, Rieger 520 
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and Olson pointed out that the human factor is often neglected when looking at WWTPs performance [70] 521 
and in this sense they argue that the lack of or the existence of misleading incentives for plant stakeholders 522 
involved (which include the public, federal agencies, state or provincial agencies, local political, plant 523 
managers, chief operators and operators) can considerably influence plant performances.  524 
Fig. 5 summarises energy consumption of WWTPs, grouped by country and secondary treatment type of 525 
technology plotted against plant size (stated in terms of PE).  526 
 527 
Figure 5. WWTPs specific energy consumption per country and type of treatment (bubbles size by 528 
sample size). Note: CN = China; CA = Canada; FR = France; DE = Germany; IT = Italy; JP = Japan; 529 
ES = Spain; UK = United Kingdom; US = United States of America. (Colours stand for the type of 530 
treatment; the reader is referred to the web version of this article). [We suggest 1.5 column width] 531 
A correlation between specific energy consumption and plant size has been found. Increasing the capacity of 532 
the system, its specific energy consumption decreases according to the power law shown in the figure. For a 533 
given amount of PE served, a plant located above the regression line performs worse than its peers (and vice-534 
versa). Two main observations can be made: i) there is no clear trend based on technology and location 535 
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classification, rather there is a certain heterogeneity; ii) there are some countries that in general, regardless of 536 
the technology used, show better (Spain and Germany) or worse (France) energy efficiency compared to the 537 
expected one, which may be due to several factors such as the influent load, the effluent regulations or other 538 
plant operational conditions. In effect Spanish and German samples show a very low dilution factor (data not 539 
shown), which make them more energy efficient regardless of their type of treatment. On the contrary French 540 
WWTPs are characterized by excessive energy consumption. The influence of operational conditions is also 541 
the reason why contrasting results within the different type of treatment were found in the various countries, 542 
i.e. CAS systems (represented in green in the figure) result to be efficient in the case of Spain and the 543 
opposite in Canada.  544 
3.3.2. Impact of operational conditions on energy consumption 545 
Possible correlations between energy consumption and plant characteristics have been investigated and 546 
correlations with dilution and load factors (Eq. 4 and 5) have been identified and described here (Fig. 6). 547 
Other plant characteristics, such as sewer system design (mixed rather than separated), possible presence of 548 
tertiary treatment (UV or ozone disinfection and tertiary filtration) and sludge treatment layouts, have not 549 
been investigated due to the lack of data. 550 
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 551 
Figure 6. Variation of specific energy consumption with (A) influent wastewater dilution factor and 552 
(B) plant load factor. Note: Scale of x- and y-axis decreases with increasing plant class size. [We 553 
suggest 1.5 column width] 554 
In case of combined sewer systems, the influent wastewater may be subjected to dilution due to infiltration 555 
of rainwater. From the analysis of the data it is clear that the specific consumption achieving wide high 556 
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values in systems with a high degree of dilution of the wastewater. How it can be observed in Fig. 6.A 557 
energy consumption increases when increasing the dilution factor. 558 
WWTP influents are characterised by several sources of variability in flowrate and loadings, with diurnal, 559 
weekly and seasonal patterns. Therefore, large design margins are needed, resulting in oversized WWTP 560 
[71] that can turn into inefficiencies from the energy point of view, as a result of the installation of 561 
equipment with greater power than required (Fig. 6.B). Specific energy consumption can be correlated with 562 
the load factor (Fig. 6B): plants receiving lower loads compared to design values present a significantly 563 
worse energy performance (not including the obvious excess in capital cost due to oversizing), energy 564 
consumption decreases when approaching the optimal value of 100% (as already reported by other authors 565 
[20,72]) and keeps decreasing for overloaded plants. It should be noted that in severely undersized plants 566 
malfunctions are likely to take place, leading to effluent quality deterioration and non-compliance with 567 
effluent requirements.  568 
As a conclusion, WWTPs that receive wastewater diluted are more energy-intensive. However, if specific 569 
energy consumption is reported per volume of wastewater treated, the opposite results are achieved (Fig. 7) 570 
and so this KPI does not represent necessarily the plant performance. Due to the need to make reference to 571 
precautionary conditions at the design stage, a certain oversizing of the plants is necessary. However, an 572 
excessive oversizing of the plant involves an increase in specific energy consumption. Moreover, the impact 573 
of influent dilution and plant load factor on energy consumption decrease increasing the size of the plant 574 
(Fig. 6.A and 6.B). This can explains the greater variability of specific energy consumption of small plants 575 
compared to bigger one. 576 
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 577 
Figure 7. Variation of energy consumption for different influent wastewater dilution factors. [We 578 
suggest 1 column width] 579 
3.3.3. Energy consumption per plant section  580 
WWTPs are complex processes composed by several subsystems (stages) (i.e. preliminary, primary, 581 
secondary, tertiary, sludge treatment), each one with different function.  Each of these stages presents a very 582 
different energy consumption rate as summarised in the data presented in this section. 583 
Table 5 shows a list of electromechanic equipment that can be present in a common WWTP divided per 584 
plant section and class size. Not all the WWTPs present the same plant sections, depending on the layout, 585 
plant size and treatment intensity required. As the literature review has shown that disaggregated energy data 586 
are always reported as kWh/m
3
 (see Fig. 2), in this section energy data will be discussed using this KPI. 587 
The energy consumption, in general, achieves wide ranges for the various sections of the plant, since each 588 
system install different types of equipment, even if they belong to the same compartments of treatment. 589 
However, there are typical behaviours, such as for example the increased consumption is due to aeration of 590 
the activated sludge or the minimum energy consumption related to the pre-treatment and primary 591 
treatments. So, it is generally assumed that for medium to large plants, the treatment sections characterized 592 
by higher energy consumption are biological oxidation, lifts (pumping and sludge recirculation) and 593 
generally mechanical dewatering of sludge and/or aerobic sludge digestion if present. 594 
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Table 5. Disaggregated energy data reported in the literature (stated as kWh/m
3
). Sources of 595 
disaggregated data are listed in Table 4.  596 
Size classification PE < 2 k 2 k < PE < 10 k 10 k < PE < 50 k 50 k < PE < 100 k PE > 100 k 
Number of plants 3 6 18 13 36 
















Degritting   1.1∙10-5 6.6∙10-3 5.4∙10-3 2.7∙10-3 
PRIMARY - TREATMENT  
 
Primary settling   7.1∙10-3 4.8∙10-3 4.3∙10-3 
SECONDARY TREATMENT  
Trickling filter 
  
8.0∙10-2 0.14 0.18 
Mixer anoxic 
 
5.3∙10-2 6.8∙10-2 7.0∙10-2 0.16 






Blowers oxidation 0.8 0.21 0.18 0.22 0.19 
Mixer aerobic oxidation     2.0∙10-3 
Final settling 
 
1.2∙10-2 5.5∙10-3 7.1∙10-3 8.4∙10-3 
Sludge recirculation 0.23 7.9∙10-2 2.9∙10-2 1.1∙10-2 7.9∙10-3 
Bio-filtration 
  
7.1∙10-2 6.9∙10-2 5.5∙10-3 
Membrane Bio-Reactor 
  
0.63 0.72 0.38 
Sequential Bio-Reactor     0.22 0.29 0.15 




1.1∙10-2 1.5∙10-2 9.0∙10-3 
Chlorine disinfection 
  
2.0∙10-4 2.7∙10-4 8.8∙10-4 
Pump tertiary filtration 
  
2.9∙10-2 5.9∙10-2 1.4∙10-2 
Tertiary filtration 
  
2.7∙10-2 1.3∙10-2 7.4∙10-3 
Ultra-Violet lamps     4.5∙10-2 6.2∙10-2 0.11 
SLUDGE TREATMENT  
 










Gravity thickening 9.2∙10-3 3.7∙10-3 2.7∙10-3 2.1∙10-3 1.9∙10-3 
Centrifuge thickening 
  







Mixer aerobic stabilization 
 
2.6∙10-2 
   
Blowers aerobic stabilization 0.53 4.5∙10-2 0.17 0.15 2.4∙10-2 
Anaerobic stabilization 
   
2.9∙10-2 3.2∙10-2 






















1.8∙10-2 2.0∙10-2 2.3∙10-2 2.7∙10-2 
Belt filter press 
   
1.2∙10-2 1.0∙10-3 
Screw press     4.0∙10
-3 4.8∙10-3 4.9∙10-3 
Fermentation   3.0∙10-2 9.5∙10-3 1.6∙10-4 
Preliminary treatment. The steps most commonly used in the pretreatment of wastewater are 1) the pumping 597 
of wastewater, 2) screening, 3) grit removal and 4) comminutors (grinding residues screenings). Generally, 598 
apart from pumping, these various steps are responsible for only a small portion of the total electric energy 599 
consumption of WWTPs. The electrical energy consumed for pumping the wastewater to sewage 600 







 were found, which represents, depending on the size of the plant and intensity of the 602 
treatment, between 5 and 18% of the total electricity use. The energy consumption associated with the 603 
screening step is mainly attributable to the gates cleaning phase. According to the data collected, this 604 






, with an inversely 605 
proportional relation to the hydraulic flow. In general, such an energy intake represents less than 1% of the 606 
total power consumption. Several grit removal techniques are used in sewage treatment plants. Generally 607 
aerated or not-aerated processes can be found. This processing step may be between 1.3 and 2.7% of 608 
electricity consumption.  609 
Primary treatment. The primary treatment is, in most cases, a simple separation step in circular settling 610 







, which is obviously a very small portion of the overall energy use.  612 
Secondary treatment. The secondary treatment is responsible for a significant proportion of the amount of 613 
electrical energy consumption. However, the required amount of electricity can vary for different types of 614 
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treatment. The most energy consuming process is the aeration system. Generally, the consumption for 615 
aeration is between 0.18 and 0.8 kWh/m
3
. Aeration is an essential process in the majority of WWTPs and 616 
accounts for the largest fraction of plant energy costs, ranging from 45 to 75 % of the plant energy 617 
expenditure [73]. Because of the high-energy use associated with aeration, energy savings can be gained by 618 
designing and operating aeration system to match, as closely as possible, the actual oxygen demands of the 619 
process. The most important process parameter to affect aeration efficiency is the mean cell retention time 620 
(MCRT) [74]. MCRT is directly related to the biomass concentration, and dictates oxygen requirements. 621 
Aeration efficiency and alpha factor (ratio of process-water to clean-water mass transfer) are higher at higher 622 
MCRTs. Literature studies [75,76] showed that the oxygen transfer efficiency is directly proportional to 623 
MCRT, inversely proportional to air flow rate per diffuser, and directly proportional to geometry parameters 624 
(diffuser submergence, number and surface area of diffusers).  625 
The separation of the sludge produced is usually carried out by a gravity-settling step in decanters equipped 626 







or 0.5 to 1.5% of the overall electricity consumption, 628 







. This energy consumption is between 1.5 and 3.5% of the electricity consumed in 630 
the whole plant. Another energy consuming process is mixing, in particular for anoxic reactors, ranging 631 
between 5.3∙10
-2
 and 0.12 kWh/m
3
. As the energy required for mixing increases superlinearly with the size of 632 
the tank, the contribution of mixing to the overall energy consumption can become comparable to other 633 
aerated processes for large plants [77].  634 
Tertiary treatment. Tertiary treatments increase not only effluent quality but also energy consumption. The 635 











 for mechanic equipment required for the dosage of chemicals (aluminium or iron salts, 637 






 for tertiary filtration. 638 
Sludge treatment. The energy consumed at different stages of treatment and final disposal of sludge may 639 
represent a major fraction of the overall electricity balance for a plant. Aerobic sludge stabilization is the 640 
most energy consuming sludge treatment process, since its energy demand is comparable to aeration system 641 
in the water line. Anaerobic digestion is more energy efficient options as, though its feasibility is often 642 
 35 
linked to the plant’s size, the energy production may significantly improve the WWTP performance with 643 
respect to energy costs and self-sufficiency. Depending on the wastewater characteristics and on the removal 644 
efficiencies, 7.4∙10
-2
 - 0.15 kWh/m
3 
 (production) are reported in the literature [72], and may ensure or even 645 
exceed the plant requirements [78]. Finally, a significant portion of energy consumption is normally 646 








3.4. Examples of energy efficiency improvements 649 
Energy saving measures available for implementation are reported here, focusing on the most energy 650 
consuming stages, i.e. pumping, aeration and sludge line. These actions can range from operating conditions 651 
upgrade to the implementation of new processes.  652 
Process optimization can substantially increase energy efficiency with very low investments and short 653 
payback times. As an illustration, considerable savings in energy have been achieved by reducing the 654 
number of active mixers in the biological treatment based on a retrofit of the designed plant [79]. Or, savings 655 
up to 10-15% of the total consumption were achieved at Hoensbroek WWTP (Netherlands) only by 656 
regulating MLSS concentration based on activated sludge temperature [80].  657 
Energy conservation measures for pumping are conventional and do not represent an area of recent 658 
technology innovation. However, they are still extremely important to reducing and optimizing energy use at 659 
WWTPs. Simple savings are possible where the pumping operational set up has been changed from the 660 
design condition. Together with applying variable frequency drives and adopting energy-efficient pumps, 661 
gains of between 5 and 30% of electricity for influent pumping may be realised [81].  662 
Because of high-energy use associated with aeration, energy savings can be gained by operating aeration 663 
systems to match, as closely as possible the oxygen demands. DO control has been common practice in 664 
process control for many decades. As an example, savings of 26% of air flowrate were reported at Käppala 665 
WWTP (Sweden) after the installation of online DO control [82]. More advanced DO set-point control 666 
(based on on-line influent measurements and process data) resulted in total energy savings of around 19% 667 
[83] and 15% [84]. As a counterpart, the application of measuring and control systems requires greater 668 
knowledge and effort on the part of operators, such as maintenance and monitoring of online sensors. The 669 
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lack of a systematic maintenance and monitoring of sensors can lead, in fact, to drive the process further 670 
away from the optimum state [85]. The introduction of direct-drive, high-speed, turbo blowers to the 671 
wastewater market have been of great interest with respect to potential energy savings. Investigations 672 
conducted at various WWTPs suggest that replacing conventional blower with turbo blowers can easily 673 
result in a reduction of energy power in excess of 30-35% [86]. A demonstration test conducted at Franklin 674 
WWTP in New Hampshire (USA) has shown that projected energy savings could be as much as 35% [87]. 675 
Recent advances in membrane materials have led to ultra-fine bubble diffusers by which energy savings 676 
between 10 and 20% have been reported in comparison with traditional ceramic and elastomeric membrane 677 
diffusers configurations [88]. Technological advances are also progressing in the area of diffuser cleaning. 678 
Larson [89] documented the development of a new online monitoring device to help predict when diffuser 679 
air systems require cleaning. The energy efficiency improvement due to the prototype analyser installation 680 
has been estimated in 15%.  681 
With regard to the sludge line, the side-stream treatment of nutrient rich reject water deriving from 682 
dewatering of digested sludge can lead to consistent energy savings. Within the last decade several partial 683 
nitritation/anammox technologies have been developed and successfully implemented in full scale, e.g. 684 
sequencing batch reactors, granular reactors, and moving bed biofilm reactors. The energy demand of side-685 
stream treatment systems ranged from as low as 0.8 kWh/kg Nremoved to around 2 kWh/kg Nremoved [24]. 686 
Similar values of 1.2 kWh/kg Nremoved have been reported previously by Wett et al. [90]. Compared to a 687 
conventional nitro/denitro side-stream treatment with an energy demand of approximately 4.0 kWh/kg 688 
Nremoved [24], the savings of partial nitritation/anammox processes are at least 50%, and depend largely on 689 
aeration system. Finally, current research trend is focusing on the pretreatment of sewage sludge, such as 690 
thermal pre-treatments or ultrasounds, to be implemented in an anaerobic digester with the aim to produce an 691 
increase in the biogas recovery. Ultrasounds applied in full-scale plants can increase the biogas production 692 
compensating the extra energy expenditure [91]. Thermal hydrolysis also presents high potential to be fully 693 
integrated in WWTP with a complete energy recovery and self-sufficiency [92].  694 
Concluding, overall energy savings result from operational optimization and technology improvements of 695 
between 5 and 30% seem reasonable. Area with most potential is aeration systems. Examples include on line 696 
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aeration control, energy-efficient bubble aerators and updating of sludge line with separate side-stream of 697 
rejected water from anaerobic digestion. 698 
3.5. Energy management tools 699 
For WWTPs that have not embarked on a systematic program to manage energy use, initial steps can be 700 
taken to organize and gradually ramp up energy management programs, starting with internal energy data 701 
collection, reporting and analysis and implementing small/low cost energy conservation measures. Learning 702 
from peer WWTPs that have established successful energy management practices it is also important. 703 
However, in order to address broader issues and scale up results, wastewater utilities can take advantage of 704 
the following energy management actions: i) conduction of a more comprehensive energy audits, ii) further 705 
strengthening data collection and analysis via automated systems for energy use and monitoring and data 706 
acquisition, analysis and reporting and, iii) looking outside the utility for technical expertise by involving an 707 
energy service company (ESCo). 708 
3.5.1. Energy management systems and energy audits 709 
An effective energy efficiency program needs to adopt a structured approach in energy management. The 710 
international standard ISO 50001 for enterprise Energy Management Systems [93] offers useful guidance for 711 
good energy management by specifying requirements for establishing, implementing, maintaining and 712 
improving an energy management system, whose purpose is to enable an organization to follow a systematic 713 
approach in achieving continual improvement of energy performance, including energy efficiency, energy 714 
use and consumption. The procedure lays on the Plan-Do-Check-Act iterative process, a circular evolving 715 
process that focuses on continual improvement over time and that enables utilities to establish and prioritize 716 
energy conservation targets (Plan), implement specific practices to meet these targets (Do), monitor and 717 
measure energy performance improvements and cost savings (Check), and periodically review progress and 718 
make adjustments to energy programs (Act). On this approach is based the Energy Management Guidebook 719 
for Water and Wastewater Utilities of US Environmental Protection Agency (USEPA) [94], which describes 720 
a systematic approach to reducing energy consumption and energy cost. To do so, the KPI kWh/gallon is 721 
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suggested to measure progress towards established energy efficiency targets. The guide also includes 722 
information on energy auditing and how to use the Energy Star Benchmarking Tool (see section 3.2.2).  723 
The energy audit is an essential step in energy management efforts. Energy audit helps the facility target the 724 
most inefficient aspects of its operations. Simple energy audits, which are necessary for gaining a basic 725 
understanding of a WWTP energy use and are fairly inexpensive, generally involve a walk-through of 726 
facilities (handheld measuring devices may be used) and a quick desk analysis of available energy use and 727 
costs data. While walk-through audits lack a detailed analysis of potential energy efficiency measures, they 728 
are useful to implement relatively simple and immediately affordable recommendations, such as change in 729 
operation timing, and upgrades to lighting, heating and air conditioning, and pumping equipment. The plant 730 
operators themselves can usually complete this type of audits during a working day. Detailed process audits 731 
require a more in depth conversation between the facility and professional auditors experienced in 732 
wastewater systems. This type of audit often involve equipment field tests, inventorying equipment energy 733 
performance data, creating energy profiles for equipment and systems, discussing potential energy 734 
conservation measures. Detailed process audits provide comprehensive information on the payback periods 735 
associated with the recommended measures. 736 
As energy audit normally uses KPI to evaluate the process efficiency, proper measurement and treatment of 737 
operation data is essential to ensure the soundness of the audit conclusions. For instance, composite samples 738 
are often used to determine the pollutant loading over a given period of time. The simplest form is time-739 
related composites, which are characterized by sub samples of equal volume taken at specific time intervals 740 
(e.g. sub samples every hour). If a more accurate loading estimation is needed, flow proportional sampling 741 
can be used [95]. This method consists in taking a number of samples proportional to the flowrate thereby 742 
leading to a better estimate of the total loading over a period of time. 743 
3.5.2. Energy monitoring and targeting system 744 
Various methodologies have been used to estimate energy consumption in WWTPs, including utilization of 745 
the equipment specification (power and usage time), power loggers and modelling. In Europe, however, 746 
estimation of energy consumption based on instantaneous power and operating time is still widely used [2,7]. 747 
In order to improve the energy efficiency of WWTPs, an energy monitoring and targeting (M&T) system can 748 
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be implemented. An M&T system is a hardware and software system used to track and manage energy 749 
consumption. It may include a set of sub-meters, a connection to the main utility meter, controls for certain 750 
systems, and a program to display energy consumption and adjust certain parameters. It is scalable and can 751 
be tailored to a single or multiple facilities, providing a good starting point for WWTPs to begin a structured 752 
and data based energy management process [69]. Energy M&T is likely to gain acceptance and use among 753 
WWTPs where energy cost is a major management concern and there is already a corporate effort underway 754 
to optimize energy use. Energy M&T may also serve as a useful engagement platform to introduce energy 755 
management practices to WWTPs. These systems vary considerably in their complexity and capability. For 756 
example, supervisory control and data acquisition (SCADA) systems become more widely adopted at 757 
WWTPs, to help utilities reduce energy costs and save money, being reported as a very cost-effective tool 758 
with payback period of 2-4 years [94]. SCADA system can be designed to measure a multitude of equipment 759 
operating conditions and parameters, such as flowrate and water quality parameters, and respond to changes 760 
in those parameters either by alerting operators or by modifying system operation through automations. 761 
Finally, SCADA systems, being able to provide constant, real-time data on processes and equipment energy 762 
consumption, can compute KPIs and thus serve as online benchmarking tool letting WWTP operators 763 
understand which processes to focus on for energy conservative measurements.. 764 
3.5.3. Energy savings performance contracts 765 
Although implementing actions to improve the energy efficiency can be economically sound in the long 766 
term, a number of drawbacks prevent their universal application, in particular that the payback time can be 767 
too long for some stakeholders. Specialized intervention or trained technicians may be needed, as public 768 
bodies increasingly require the need of energy audits and efficiency actions. Specialized companies in 769 
energy efficiency actions, ESCo (Energy Service Company), have expanded radically with the aim of 770 
reducing energy costs and accompany the client through the efficiency process of the water and wastewater 771 
utilities taking upon himself the risk and relieving the client from any organizational effort and investment 772 
[97]. Full ESCo services may include financing for the energy efficiency upgrades, disencumbering the host 773 
facility from the burden of securing upfront capital. The use of energy savings performance contracts 774 
(ESPCs) in water company is fairly common in North America, where the energy service industry is mature 775 
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and business contracts are well enforced [69]. In the United States, for example, after an ESCo is selected to 776 
perform investment grade energy audits, a water utility will arrange its own financing through loans from 777 
revolving funds or municipal bonds. Funds can include partial government grants and some bonds have tax 778 
exemption status. The water utility will contract the ESCo to implement projects on a performance basis, 779 
often with guaranteed savings. If energy savings from the projects are not fully realized, the ESCo payments 780 
can be reduced. 781 
4. Conclusion 782 
This paper reviews municipal WWTPs energy-use and benchmarking techniques and provides an overview 783 
of the main approaches available. Recommendations and challenges are highlighted on how to conduct 784 
energy analysis of WWTPs. It is concluded that benchmarking methods must be chosen depending on the 785 
purpose and extent of the analysis, as their range of validity and applicability is different:  786 
 Normalisation approaches, based on single KPIs, can be suitable for similar conditions, similar 787 
WWTPs or similar technologies/processes but not for overall assessment of complex plants in 788 
different environments, e.g. climate; 789 
 Regression-based techniques such as OLS can control the effect of other variables (flowrate, size, 790 
loading) and extend the range of validity. Provided that a representative set of samples was available 791 
when building the regression line, the resulting equation can be used in benchmarking by external 792 
users; 793 
 DEA can be used to reconcile multiple inputs and outputs in the benchmark assessment. As a 794 
consequence, the results depend greatly on the proper selection of input and output variables. DEA 795 
would be rather restricted to internal benchmarking procedures, as the inclusion of a new sample 796 
lying in the efficient frontier would change the obtained model.  797 
In any case, the various benchmarking methods applied so far are mainly diagnostic tools that fail at 798 
prescribing any improvement strategy to make inefficient WWTPs efficient. Such strategies must be studied 799 
and implemented by managers through a better understanding of the plant operations. The results of the on-800 
going ENERWATER project are expected to contribute to the development of a methodology able not only 801 
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to quantify WWTPs energy efficiency but also to identify energy inefficiencies in order to help wastewater 802 
utilities to comply with requirements of the EU Energy Efficiency Directive. 803 
The assessment of a representative data sample has provided some evidence about the variables that have a 804 
largest effect on energy consumption: plant size, dilution factor and flowrate. The technology choice, plant 805 
layout and country of location were seen as important elements that contributed to the large variability 806 
observed. The large dispersion of the results shows that there is considerable room for improving the 807 
efficiency of WWTP operation, which will require, not only the reviewed techniques for benchmarking but 808 
also diagnosis. To achieve this aim, detailed monitoring of the WWTP operation is crucial and is expected to 809 
be more frequently carried out in the upcoming years.  810 
Further actions to spread efforts for energy efficiency at WWTPs could need external specialists assistance, 811 
by: i) further strengthening data collection and analysis via automated systems for energy use monitoring and 812 
data acquisition, and customized analysis and reporting; ii) conducting a more comprehensive energy 813 
assessment and developing standard procedures and checklists; iii) looking outside the utility for technical 814 
expertise lacking in-house, such as twinning with other better-performing utilities, contracting with ESCo, 815 
and accessing national associations. 816 
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AP aerated ponds  1089 
BD biodiscs 1090 
BNR biological nutrient removal  1091 
BOD biochemical oxygen demand 1092 
CAS conventional activated sludge  1093 
COD chemical oxygen demand  1094 
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DEA data envelopment analysis 1096 
DF dilution factor 1097 
DMU decision making unit 1098 
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EA extended aeration  1100 
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IRS increasing returns to scale  1103 
KPI key performance indicator 1104 
LCA life cycle assessment 1105 
LF load factor  1106 
M&T monitoring and targeting  1107 
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OD oxidation ditch  1111 
OLS ordinary least squares 1112 
PE population equivalent  1113 
RTS return to scale 1114 
SBR sequential batch reactor  1115 
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TSS total suspended solids  1122 
UST unspecified secondary treatment 1123 
UV ultraviolet 1124 
WWTP wastewater treatment plant 1125 
